Background. Previous studies have shown that simple imaging methods may be useful for detection of vascular calcifications in dialysis patients. Based on annual, plain chest X-rays during follow-up on dialysis, we studied the associations of mineral metabolism with the presence and progression of aortic calcification. In addition, we assessed the impact of aortic calcification on mortality. Methods. Three hundred and eighty-four patients who started haemodialysis or peritoneal dialysis between 1997 and 2007 were included (age 61 ± 15 years, 64% male, 61% haemodialysis). Annual chest X-rays were screened for calcification in the aortic arch, and patients were categorized as having no, moderate or severe calcification. Progression was defined as an increase in calcification category during follow-up on dialysis. Results. At baseline, 96 (25%) patients had severe, 205 (53%) patients had moderate and 83 (22%) patients had no aortic calcification. For 237 of the 288 patients with no or moderate calcifications at baseline, X-rays were available for follow-up. During follow-up (mean 2.3 years), aortic calcification progressed in 71 patients (30%). We found that baseline plasma calcium >9.5 mg/dL and iPTH >300 pg/mL were associated with progression [odds ratios of 3.1, 95% confidence interval (1.2-8.2) and 4.4 (1.4-14.1), respectively]. Progression of aortic calcification was significantly associated with increased risk of all-cause mortality (hazard ratio: 1.9; 95% CI: 1.2-3.1) and cardiovascular mortality (hazard ratio: 2.7; 95% CI: 1.3-5.6).
Introduction
Cardiovascular disease (CVD) is the leading cause of death in dialysis patients;~50% of these patients die from cardiovascular causes [1, 2] . Traditional risk factors for CVD, such as advanced age, hypertension and smoking, cannot fully explain the high prevalence. In addition to these traditional risk factors, disorders of mineral metabolism, such as elevated calcium and phosphorus concentrations, are associated with increased cardiovascular morbidity and mortality, as was shown in previous studies [1, [3] [4] [5] .
It had been hypothesized that disturbances in mineral metabolism play a role in cardiovascular disease and mortality via the development of vascular calcifications [6] [7] [8] .
In addition, a lack of calcification inhibitors, such as fetuin-A and matrix GLA protein (MGP), could play a role in the development of vascular calcification [9, 10] .
There are several methods to detect vascular calcifications. Sophisticated CT techniques such as electron beam CT (EBCT) and spiral CT have proven to be adequate to quantify reproducibly calcifications in coronary arteries and the aorta [6, 11, 12] . A recent study of Bellasi et al. showed that simple non-invasive measurements of calcifications may provide equally useful information [13] . In their study of 140 prevalent haemodialysis (HD) patients, these authors demonstrated a good correlation between simple imaging tests, i.e. X-rays of the lumbar abdominal aorta, and more sophisticated measurements obtained with EBCT. These less expensive and readily available methods might therefore be very useful in screening dialysis patients for vascular calcification [14] .
In this study, we aimed to examine the associations of parameters of mineral metabolism with the progression of aortic calcification, based on annual, plain chest X-rays during follow-up on dialysis. We also assessed whether (progression of) aortic calcification was associated with an increased risk of all-cause and cardiovascular mortality.
Materials and methods

Subjects
Between January 1997 and August 2007, incident HD and peritoneal dialysis (PD) patients in 38 dialysis units in the Netherlands were consecutively invited to participate in the Netherlands Cooperative Study on the Adequacy of Dialysis (NECOSAD), a large prospective multicentre cohort study. To be included, patients had to be 18 years or older, and dialysis had to be their first renal replacement therapy. All patients gave informed consent before inclusion, and the study was approved by local medical ethics committees. Patients were followed up from the start of dialysis treatment until transplantation, mortality, or 1 August 2007. In addition to the standard data collection, data on vascular calcifications were retrospectively collected in four of the dialysis centres that participated in NECOSAD (n = 455). These centres were chosen for logistic reasons, i.e. the number of patients and the availability of X-rays.
Data collection procedures
Information on demography, primary kidney disease and co-morbidity was collected from 0 to 4 weeks before the initiation of dialysis treatment. Data on residual renal function, biochemistry and dialysis characteristics were collected at fixed times 3 (baseline visit) and 6 months after the start of dialysis, and at 6-month intervals thereafter.
Primary kidney disease and causes of death were classified according to the codes of the European Renal Association-European Dialysis and Transplant Association (ERA-EDTA) [14] . Cardiovascular mortality was defined as: code 0 (cause of death uncertain/not determined), 11 (myocardial ischaemia and infarction), 12 (hyperkalaemia), 14 (other causes of cardiac failure), 15 (cardiac arrest, cause unknown), 17 (hypokalaemia), 18 (fluid overload), 22 (cerebrovascular accident), 26 (haemorrhage from ruptured vascular aneurysm) and 29 (mesenteric infarction). All other codes were regarded as deaths of non-cardiovascular origin. Patients were classified as having no, intermediate or severe co-morbidity based on the number of co-morbid conditions according to Davies' co-morbidity index [15] . Residual renal function was expressed as residual glomerular filtration rate (rGFR), calculated as the mean of creatinine and urea clearance adjusted for body surface area (mL/min/1.73 m 2 ).
Laboratory analyses
In HD patients, blood samples were drawn before and after each monitoring dialysis session. Plasma calcium, phosphorus and albumin were Progression of aortic calcification on dialysis 1663 measured using standard laboratory techniques depending on the participating centre. Calcium concentrations (mg/dL) were corrected for albumin concentrations (g/dL) using the following formula: corrected calcium = calcium + 0.8 × (4 − albumin) [16, 17] . Baseline plasma concentrations were evaluated both as continuous variables and in reference to the targets advised in the KDOQI guideline for bone metabolism and disease in chronic kidney disease [16] . This guideline recommends serum concentrations of corrected calcium between 8.4 and 9.5 mg/dL (2.10 and 2.37 mmol/L), serum phosphorus between 3.5 and 5.5 mg/dL (1.13 and 1.78 mmol/L), calcium-phosphorus (Ca × P) product <55 mg 2 /dL 2 (<4.4 mmol 2 /L 2 ) and iPTH concentrations between 150 and 300 pg/mL (15.8-31.6 pmol/L). In addition, analyses were repeated using the mean value of the concentrations at 3 and 6 months after the start of dialysis.
Serum fetuin-A, undercarboxylated matrix GLA protein (ucMGP), and high sensitivity C-reactive protein (hsCRP) measurements were available for 146 of the patients. Analysis of serum hsCRP was performed by means of particle-enhanced immunonephelometry using a standard 'CardioPhase hsCRP' for 'BNII' (Dade Behring Holding GmbH, D-65835 Liederbach, Germany). The nephelometry method for fetuin-A employs a high specificity antibody and has been described in detail elsewhere [18] . Serum ucMGP was measured with a novel method using Anti-ucMGP (VitaK BV, Maastricht, the Netherlands), which was described elsewhere [19] .
Calcifications
The baseline calcification score was determined between 6 months before and 12 months after the start of dialysis. Successive X-rays were collected once a year during follow-up on dialysis treatment. The presence of vascular calcification in the aortic arch was scored based on plain lateral chest X-rays. We excluded X-rays that were made while the patient was in a lying position or were made acutely at the emergency department, due to the non-standardized, inferior quality of the X-rays. The X-rays were scored by two of the investigators from this study (M.N. and L.E.), the majority of them independently. The two investigator were trained to score the X-rays by qualified, experienced radiologists from the Academic Medical Center of the University of Amsterdam. They did not have any information on the age, disease status, etc. of the patients while scoring the X-rays. There were only a few cases of disagreement between the observers, and in these cases, the calcification score was determined by mutual agreement or, in doubtful cases, in consultation with an independent third observer. In all cases of disagreement between the observers, consensus was eventually reached.
Patients were categorized as having no (score 0), moderate (1) or severe (2) aortic arch calcifications. Examples of chest X-rays demonstrating the calcification scores are shown in Figure 1 . Progression of calcification was defined as an increase in the severity of calcification on the last available X-ray when compared with the baseline X-ray. Pa- tients with a stable calcification burden or a decline of calcification score were combined as 'stable patients'.
Statistical analysis
Differences between groups of patients with no, moderate and severe calcification at baseline were calculated using standard descriptive statistics. ANOVA tests were applied to examine differences in continuous variables. Chi-square tests with tests for trend (Cochran-Armitage trend test) were used to compare distributions of dichotomous or categorical data. A P-value of <0.05 was considered to statistically significant. To study the associations between the parameters of mineral metabolism and the risk of progression of vascular calcification, we applied crude and adjusted logistic regression models. The multivariable statistical model comprised the variables age, sex, treatment modality (HD or PD), time between the first and last available X-ray, diabetes mellitus (as primary cause of kidney failure or as co-morbidity), and baseline plasma calcium, phosphorus and iPTH concentration. To calculate odds ratios (ORs) for Ca × P product, we applied a similar model with no adjustment for calcium and phosphorus. The subgroup of patients in whom fetuin-A, ucMGP and hsCRP were measured was analysed separately. For this group, only unadjusted ORs were calculated because the sample size was too small to fit an appropriate multivariate model.
Survival curves for patients with no, moderate, and severe aortic calcification and for patients with and without progression of aortic calcification were created by means of Kaplan-Meier analysis. Hazard ratios (HRs) for all-cause and cardiovascular mortality risk associated with the presence and the progression of aortic calcification were calculated using crude and adjusted Cox proportional hazards regression. Mortality risks related to the presence of aortic calcification were calculated based on the time between the start of dialysis and censoring or death, and the multivariable model contained the variables age, sex, treatment modality and diabetes mellitus. In order to determine progression, patients had to meet two criteria. First, their initial aortic calcification score had to be below the ceiling score, so no or moderate aortic calcification at baseline. Second, they had to have at least two X-rays available for evaluation. For patients who fulfilled both criteria, the risk of dying (HR) started on the day that the last available X-ray was taken (left censoring). Once more, we adjusted for age, sex, treatment modality, diabetes mellitus and, in addition, the time between the first and the last evaluated X-ray.
All statistical analyses were performed using SAS statistical software version 9.1 (SAS Institute, Cary, NC, USA).
Results
Patients
From a total of 455 patients, X-rays were collected. Differences in baseline patient characteristics, i.e. age, gender, treatment modality and mortality rate of the included patients, were not statistically significant from those of other patients included in NECOSAD (data not shown). Years since last available X-ray Fig. 2 . Kaplan-Meier curves for mortality in patients with no, moderate and severe aortic calcifications (n = 384) (log-rank, P < 0.001) (A), and in patients with and without progression of aortic calcification (n = 237) (log-rank, P = 0.001) (B).
Progression of aortic calcification on dialysispatients, there were no appropriate X-rays available, and for 44 patients, X-rays were only available outside the time window defined as baseline. The remaining 384 patients were included in the analyses. The baseline calcification score was determined at a mean (SD) time of 1 (3.1)month after the start of dialysis. At baseline, there were 83 patients (22%) who did not show aortic calcifications in the aortic arch, 205 patients (53%) with moderate, and 96 patients (25%) with severe calcifications. We found that fetuin-A and albumin concentrations were significantly lower and CRP levels significantly higher in patients with aortic calcifications as compared with patients without calcifications. Older patients had significantly more aortic arch calcifications. In addition, more heavily calcified patients were more often treated with HD (P < 0.001), and tended to have cardiovascular disease (P < 0.001). Baseline characteristics of patients with no, moderate and severe calcifications are summarized in Table 1 .
Aortic calcification at baseline and mortality risk
The maximal follow-up time was 10 years (1997-2007). In the 83 patients without calcifications at baseline, the median follow-up time was 7.6 years, and 25 (30%) died during the study. Median follow-up was 4.9 years in patients with moderate calcifications, and 80 patients (39%) died in this group. Finally, in the group with severe calcifications, median follow-up time was 2.6 years, and 58 patients (60%) died. Kaplan-Meier curves for survival in patients with no, moderate and severe calcification are shown in Figure 2A . Crude mortality risk was significantly different in the three groups, and the highest mortality risk was observed in patients with severe aortic calcification (log-rank P < 0.001).
Cox regression models were used to calculate crude and adjusted HRs for all-cause and cardiovascular mortality risk, which are presented in Table 2 . In unadjusted analyses, we found that mortality risk was significantly increased in patients with severe calcifications (HR: 1.9; 95% CI: 1.4-2.6) when compared with patients who had no or moderate aortic calcifications. No statistically significant association was found after adjusting for age. In a survival analysis for cardiovascular causes of death specifically, similar results were obtained. Also, comparing the group with no aortic calcification with the groups with moderate and severe aortic calcification combined showed no statistically significant effects.
Progression of aortic calcification
The median number of available X-rays per patient was 3 (range 1-9). For 237 of the 288 patients with no or moderate calcifications at baseline, X-rays were available for follow-up. For these patients, the change in calcification score between the first and the last chest X-ray was calculated. The mean (SD) follow-up time between the first and the last X-ray was 2.3 (1.8) years. Seventy-one patients (30%) had progression of vascular calcification during follow-up. In addition, 5 patients with moderate and 7 patients with severe calcification at baseline had a decrease in calcification score. In Figure 3 , these proportions are presented. Progression was seen in 37% of the subgroup of patients with at least 3 years between their first and their last X-ray (n = 92).
We studied the relationships between clinical variables, i.e. parameters of mineral metabolism, and the progression in vascular calcification using logistic regression analysis. In the crude analyses, only higher age and longer time between the first and the last evaluated X-ray were significantly associated with higher risk of progression of aortic calcification. Higher concentrations of fetuin-A were associated with a borderline significant OR of 1.26 (95% CI: 0.98-1.62), while ucMGP and hsCRP were not associated with progression. In the adjusted analyses, we found that baseline plasma calcium >9.5 mg/dL (OR: 3.1; 95% CI: 1.2-8.2), baseline plasma iPTH >300 pg/mL (OR: 4.4; 95% CI: 1.4-14.1), higher age (OR: 1.04; 95% CI: 1.01-1.07), and longer time between the first and the last evaluated X-ray (OR: 1.05; 95% CI: 1.03-1.07) were significantly associated with an increase in calcification score over time. Results from the unadjusted and adjusted analyses are listed in Table 3 . The analyses of the calcification progression were repeated applying calcium, phosphorus and iPTH concentrations averaged over the first 6 months on dialysis. These supplementary analyses did not alter our findings (data not shown). Additional adjustment for the use of coumarin derivates at baseline also did not affect our results in any way (data not shown).
Progression of aortic calcification and mortality risk
Kaplan-Meier curves for patients with and without progression of aortic calcification are displayed in Figure 2B (n = 237). The median follow-up time from the last evaluated X-ray was 2.2 years in the patients without progression, and 51 of 166 patients (31%) died in this group. In the patients with progression, median follow-up time from the last X-ray was 0.9 years, and 33 of 71 patients (46%) died. Patients with progression had a significantly higher mortality risk than patients without progression (log-rank P = 0.001).
In both the unadjusted and the adjusted Cox regression analysis, progression of aortic calcification was significantly associated with increased risk of all-cause mortality (adjusted HR: 1.9; 95% CI: 1.2-3.1) and cardiovascular (adjusted HR: 2.7, 95% CI: 1.3-5.6) mortality. HRs for mortality risk related to progression of aortic calcification are listed in Table 4 .
Discussion
In the current study, we assessed the associations of parameters of mineral metabolism with the progression of aortic calcification in incident dialysis patients based on Progression of aortic calcification on dialysisannual chest X-rays during follow-up on dialysis. Elevated baseline plasma calcium (>9.5 mg/dL) and iPTH (> 300 pg/mL) concentrations, higher age, and longer time between the first and the last evaluated X-ray were associated with a higher risk of progression of aortic calcification. Moreover, we found that progression of aortic calcification was associated with significantly increased risk of both all-cause and cardiovascular mortality. Vascular calcifications are common in the general population; 20-30% of people of 65 years or older have calcification in the aorta [20] . In ESRD patients, this proportion is substantially higher. We found that 78% of 384 incident HD and PD patients had moderate to severe vascular calcification in their aortic arch at the start of dialysis treatment. This percentage is in accordance with other studies that reported proportions ranging from 54% to 100% [21] .
The major limitation to our study is the subjective method applied to assess aortic calcification. A 'weak'scoring system could potentially be a problem because it can lead to misclassification. Non-differential (random) misclassification leads to a dilution of the effects found. However, since we still found statistically significant effects in our study, this type of misclassification is apparently not a large problem. In addition, differential misclassification can occur when the people assessing the X-rays are not blinded, like in our study. This type of misclassification could potentially lead to bias [22] . However, in our study, the scorers could only see some general information like the date of birth and name of the patient. It is unlikely that this would lead to bias, especially when you adjust for these factors (i.e. age) in the statistical analysis. Differential misclassification could lead to bias if the scorers are able to see the information of interest for the research question, such as data on mineral metabolism or mortality. This was not the case in our study since the scorers were unaware of any clinical data.
Assessing aortic calcification on the basis of plain chest X-rays is less sensitive when compared with CT techniques. In the studies of Block et al. [23] and Stompor et al. [24] , EBCT and multi-slice spiral CT were applied to assess the calcification score. These CT techniques have proven to be adequate to quantify reproducibly calcifications in coronary arteries and the aorta. Because of the more precise quantification of these methods, the presence and progression of calcification are therefore more likely to be detected, which could explain the higher proportions of patients with progression.
A recent study of Bellasi et al. [13] showed that simple, non-invasive, semi-quantitative measurements of calcifications, i.e. scoring calcifications according to the method of Kauppila et al. [25] based on X-rays of the lumbar abdominal aorta, correlate well with more sophisticated measurements obtained with EBCT. It is currently unknown whether calcification of the aortic arch has the same predictive properties as calcification of the abdominal aorta. Additional studies are therefore needed to assess whether screening for aortic calcification based on chest X-rays correlates equally well with EBCT as screening for calcification based on lumbar aortic X-rays does.
Due to the retrospective design, we were not able to use CT measurements or X-rays of the abdominal aorta for our study since the availability of these measurements would introduce a bias in patient selection. We therefore chose to apply the current method based on chest X-rays which are available for almost every dialysis patient in the Netherlands.
On the other hand, a valuable strength to our study is the repeated evaluation of calcification scores, which made it possible to study the development of calcification over time. During dialysis treatment, one-third of the patients who had no or moderate calcifications at the start of dialysis showed progression of vascular calcification. Progression was associated with hypercalcaemia (>9.5 mg/dL), hyperparathyroidism (>300 pg/mL), higher age, and longer time between the first and the last evaluated X-ray. Although we could not demonstrate any effects of hyperphosphataemia or elevated Ca × P product on progression, the greater part of our findings are in accordance with findings from previous studies that examined the progression of calcification in dialysis patients [12, 23, 24, 26] . The majority of these studies had a shorter follow-up period than our study and found higher proportions of patients who showed progression during dialysis.
There were also 5 patients with moderate and 7 patients with severe calcification at baseline who showed a decrease in calcification score. This finding is remarkable since there are, to our knowledge, no previous studies that found decreasing aortic calcifications over time. Although we cannot elucidate this finding based on our results, we can speculate that this decrease is possible because calcification is not a passive but an active and regulated process in which extra osseous bone formation occurs in the vascular wall.
Our study may have some additional limitations. First, although the national guideline recommends making a chest X-ray annually, X-rays were not available for every patient and for each year. We believe that this did not considerably influence our results because we calculated the difference in calcification score independent of the time period between X-rays. Second, we were unable to draw any firm conclusions about the relationships with fetuin-A, ucMGP and hsCRP levels due to the small number of measurements that were available.
In conclusion, we found in this study that calcification of the aortic arch, as assessed based on plain chest X-rays, was common in dialysis patients, and it progressed in almost a third of patients during follow-up on dialysis. Hypercalcaemia and hyperparathyroidism were associated with a higher risk of progression. Moreover, progression of aortic calcification was significantly associated with an increased risk of both all-cause and cardiovascular mortality.
